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Class VI UIC Area of Review and Corrective Action 


This submission is for: 


      Project ID:    R06-LA-0002  


      Project Name:    Project Minerva  


      Current Project Phase:    Pre-Injection Prior to Construction  


 


Overview 


Simulator Used for AoR delineation modeling: Other 


Other Simulator: REVEAL 


Version Used: IPM V12.0 Reveal V9.5 


Simulator Description/Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-


11-2022-1834/GCS--AoR--CBI--1.pdf 


Description of File Contents: Complete user manual for Reveal V9.5 


Total Simulation Time From Start of Injection: 230 yrs 


Additional AoR Delineation Information: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-


07-11-2022-1834/GCS--AoR--CBI--2.pdf 


 


Model Domain 


Coordinate System: State Plane 


      Horizontal Datum: NAD27 


      Coordinate System Units: ft 


      Vertical Datum: Reference Elevation 


      Describe Vertical Datum: NAVD 88 


      Zone: Louisiana South 


      FIPSZONE: 1702   ADSZONE: 4051 


Mesh Type: Hexahedral Curvilinear 


Domain Size in Global Units Specified Above 


      Domain Coordinates File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-


1834/GCS--AoR--CBI--37.pdf 


Grid Size 


      Number of Nodes in    x: 239   y: 131   z: 52 


Grid Spacing: Variable 


Grid File Format: Eclipse Keyword File 


      Grid File Description: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-


1834/GCS--AoR--CBI--3.pdf 


      Eclipse Keyword File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-


1834/GCS--AoR--CBI--4.pdf 


Faults Modeled: Yes 


      Fault Coordinates File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-


1834/GCS--AoR--CBI--5.pdf 


Caprock Modeled: Yes 


Image File(s) for Model Domain Grid: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-


11-2022-1834/GCS--AoR--CBI--6.pdf 


 


Processes Modeled by Simulator 


Reservoir Conditions: 


Supercritical CO2 Conditions 


Phases Modeled: 


Aqueous   Supercritical CO2 


Aqueous Phase: 


      Phase Compressibility: Compressible 


             Compressibility Value: -999 1/psi 
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      Phase Composition: Compositional 


      Aqueous Phase Components: 


             CO2   Water   Salt 


Supercritical CO2 Phase: 


      Phase Compressibility: Compressible 


      Phase Composition: Compositional 


      Supercritical CO2 Phase Components: 


             CO2   Methane 


Equation of State Description Including Reference: Please see CBI submission 


      File with EOS Reference or Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--7.pdf 


Multifluid Flow Processes: 


Advection   Buoyancy 


Non-wetting Fluid Trapping   Pore Compressibility 


Thermal Conditions: Non-Isothermal 


      File Describing Thermal Conductivity Function including Parameters: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--8.pdf 


      Heat Transport Processes: 


             Advection   Conduction 


Geochemistry Modeled: Yes 


      File Describing Geochemistry Modeling: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--9.pdf 


Geomechanical/Structural Deformations Modeled: Yes 


      File Describing Geomechanical/Structural Modeling: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--10.pdf 


 


Rock Properties and Constitutive Relationships 


Porosity/Permeability Model 


Single Porosity 


Porosity Distribution: Heterogeneous 


Porosity included in Eclipse Keyword File: Yes 


Porosity Variable Name in Eclipse Keyword File: PORO 


      File Describing how Porosity was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-


0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--11.pdf 


          Image Files for Porosity Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--12.pdf 


Permeability Distribution: Heterogeneous 


Permeability included in Eclipse Keyword File: Yes 


Permeability Variable Name in Eclipse Keyword File: PERMX, PERMY, PERMZ 


      File Describing how Permeability was Determined and Assigned to Numerical Model: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-


LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--13.pdf 


          Image Files for Permeability Distributions: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--14.pdf 


      Number of Rock Types Modeled: 2 


          Description of Rock Type Selection and Assignment: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--15.pdf 


          Rock Type Distribution Data File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-


07-11-2022-1834/GCS--AoR--CBI--16.pdf 


          Image Files for Rock Type Distribution: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--17.pdf 


        Rock Type #1 


                Rock Compressibility: Pore 


                Rock Compressibility Distribution: Single Value 
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                      Compressibility Value: -999 1/psi 


                Compressibility included in Eclipse Keyword File: No 


                Constitutive Relationships 


                Aqueous Saturation vs. Capillary Pressure: Table 


                      Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-


0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--18.pdf 


                Aqueous Trapped Gas Modeled: Yes 


                Hysteresis other than non-wetting fluid trapping: No 


                Aqueous Relative Permeability: Table 


                      Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--19.pdf 


                Hysteresis other than non-wetting fluid trapping: No 


                Gas Relative Permeability: Table 


                      Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--20.pdf 


                Hysteresis other than non-wetting fluid trapping: Yes 


                      File Providing Both Drainage and Imbibition Curves: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--21.pdf 


                Porosity and Permeability Reduction Due to Salt Precipitation 


        Rock Type #2 


                Rock Compressibility: Pore 


                Rock Compressibility Distribution: Single Value 


                      Compressibility Value: -999 1/Pa 


                Compressibility included in Eclipse Keyword File: No 


                Constitutive Relationships 


                Aqueous Saturation vs. Capillary Pressure: Table 


                      Tabular Format File for Aqueous Saturation vs Capillary Pressure: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-


0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/EPA--AoR--CBI--60.pdf 


                Aqueous Trapped Gas Modeled: Yes 


                Hysteresis other than non-wetting fluid trapping: No 


                Aqueous Relative Permeability: Table 


                      Tabular Format File for Aqueous Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/EPA--AoR--CBI--61.pdf 


                Hysteresis other than non-wetting fluid trapping: No 


                Gas Relative Permeability: Table 


                      Tabular Format File for Gas Relative Permeability: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/EPA--AoR--CBI--62.pdf 


                Hysteresis other than non-wetting fluid trapping: Yes 


                      File Providing Both Drainage and Imbibition Curves: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/EPA--AoR--CBI--63.pdf 


                Porosity and Permeability Reduction Due to Salt Precipitation 


 


Boundary Conditions 


      Attach Boundary Conditions Description File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--22.pdf 


 


Initial Conditions 


Initial Phases in Domain:    Aqueous 


Initial Aqueous Pressure: Varying with Depth, Temperature, and Salinity 


Initial Aqueous Pressure: -999 psi   at Reference Elevation: -999 ft 


Initial Temperature: Varying with Depth 


      Initial Temperature: -999 C   at Reference Elevation: -999 m   Gradient: -999 deg C/m 


Initial Salinity: Spatially Constant 
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      Initial Salinity: -999 ppm 


 


Operational Information 


Number of Injection Wells: 4 


        Injection Well #1 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: 8.5 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 


                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--23.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2020   Stop Date: 01/01/2050 


        Injection Well #2 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: 8.5 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 


                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--24.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2020   Stop Date: 01/01/2050 


        Injection Well #3 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: 8.5 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 


                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--23.pdf

https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--24.pdf





                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--25.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2020   Stop Date: 01/01/2050 


        Injection Well #4 


                Well Direction: Vertical 


                      Location: X: -999 UTM   Y: -999 UTM 


                Wellbore Diameter: Constant 


                Wellbore Diameter: 8.5 in 


                Well Screen Interval Provided as: Single Interval 


                      Elevation of Top of Screened Interval: -999   Elevation of Bottom of Screened Interval: -999 ft 


                Mass Rate of Injection: -999 MMT/yr 


                Total Mass of Injection: -999 MMT 


                Actual Injection Temperature: -999 C 


                Modeled Injection Temperature: -999 C 


                Fracture Gradient: -999  psi/ft 


                      Maximum Injection Pressure: -999 psi   Elevation Corresponding to Pressure: -999 ft 


                      Description of How Fracture Gradient and Maximum Injection Pressure were Determined File: 


https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--26.pdf 


                Composition of Injectate: Pure CO2 


                Injection Schedule Provided as: Single Injection Period 


                      Injection Start Date: 01/01/2020   Stop Date: 01/01/2050 


Number of Production/Withdrawal Wells: 0 


 


Model Output/Results 


      Provide file name and corresponding spatial location for each file: Please see CBI submission 


      Time-Series File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-


1834/GCS--AoR--CBI--27.pdf 


      Provide file name and corresponding variable and time stamp for each file: Please see CBI submission 


      Snapshot File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS-


-AoR--CBI--28.pdf 


      Provide file name and corresponding description of surface for each file: Please see CBI submission 


      Surface Flux File: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-


1834/GCS--AoR--CBI--29.pdf 


      Sensitivity Analysis Description/Results: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/EPA--AoR--CBI--v3.pdf 


 


AoR Pressure Front Delineation 


Lowermost USDW: 


      Name of Lowermost USDW: PLIOCENE 


      Water Density: -999 kg/m^3   at Elevation: -999 ft 


             Location of Measurement for Density: -999 


      Temperature: -999 C   at Elevation: -999 ft 


             Location of Measurement: -999 


      Pressure: -999 psi   at Elevation: -999 m 


             Location of Measurement: -999 


      Salinity: -999 ppm   at Elevation: -999 m 


             Location of Measurement: -999 


      Elevation of bottom of USDW: -999 ft 


Injection Zone: 


      Name of Injection Zone: Frio Formation 


      Water Density: -999 kg/m^3   at Elevation: -999 m 



https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--25.pdf
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             Location of Measurement: -999 


      Temperature: -999 C   at Elevation: -999 m 


             Location of Measurement: -999 


      Pressure: -999 psi   at Elevation: -999 m 


             Location of Measurement: -999 


      Salinity: -999 ppm   at Elevation: -999 m 


             Location of Measurement: -999 


      Elevation of top of Injection Zone: -999 ft 


Method of Estimating Critical Pressure: Dynamic Modeling 


      Describe Model Used: -999 


      File Describing Critical Pressure Estimation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--31.pdf 


      Estimated Critical Pressure: -999 psi 


Delineated AoR: 


      Shapefile or KML File Showing Delineated AoR: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--32.pdf 


 


Corrective Action 


      File with Location of All Penetrations within AoR: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--33.pdf 


      File with Location of Wells Requiring Corrective Action: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--34.pdf 


      Supporting Documentation: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-PreConstruction/AoRModeling-07-11-


2022-1834/GCS--AoR--CBI--35.pdf 


 


Area of Review and Corrective Action Plan [40 CFR 146.82(a)(13) and 146.84(b) or applicable state
requirements] 


      Are you making an Area of Review and Corrective Action Plan submission at this time?: Yes 


Reason for Project Plan Submission: Permit application submission 


Project Plan Upload 


      Attach the Area of Review and Corrective Action Plan: https://gsdt.pnnl.gov/alfresco/service/velo/getFile/no_wiki/shared/Submissions/R06-LA-0002/Phase1-


PreConstruction/AoRModeling-07-11-2022-1834/GCS--AoR--CBI--36.pdf 


Appendices and Supporting Materials Upload 


 


Area of Review Reevaluation [40 CFR 146.84(e) or applicable state requirements] 


      Minimum fixed frequency of AoR reevaluation: 5 Years 


      Are you making an Area of Review reevaluation submission at this time?: No 


Reevaluation Background 


Reevaluation Materials 


          Please upload your amended AoR and Corrective Action Plan on the previous tab. 


 


Complete Submission 


Authorized submission made by: Benjamin Heard 


For confirmation a read-only copy of your submission will be emailed to:    randrews@gcscarbon.com 
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CLASS VI PERMIT (40 CFR SUBPART H § 146.81- 146.95)  


GULF COAST SEQUESTRATION LLC 
PROJECT MINERVA 
 


Pursuant to 40 CFR Subpart H § 146.84, this section of the Project Minerva Class VI Permit related to the 
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VI of the EPA, as Confidential Business Information.  
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Relative permeability model 



Drainage Curves



As for capillary pressures, this data is separated into three sets; one is where it has been sourced for a generic CCS study; a second is from core data unrelated to the Frio formation directly but useful as analogue data; and third, where the data is specific to the Frio formation.



In the first group we have data from (Kumar, 2005) who looked at storage in deep saline aquifers and neglected capillary pressures. (Ghanbari, 2006) studied CO2 storage in saline aquifers, with no particular storage system modelled and also ignored capillary pressure. (Juanes, 2006) looked at hysteresis effects in the context of a CCS, using generic data. (Zeidouni, 2009) conducted a sensitivity analysis of salt precipitation and CO2-brine displacement in saline aquifers but with no particular storage system modelled. They neglected capillary pressure. The data from (Zeidouni, 2009) was used in a study of CCS in the Lower Miocene in the Texas Gulf of Mexico (Wallace, 2017). 



There have been two definitive, long running studies on measuring relative permeability in CO2/brine core systems. 



The first was conducted by Bachu and Bennion, between early to mid-2000’s, and summarised in (Bennion, 2008) where 14 sets of relative permeabiity curves (7 drainage only and 7 drainage and imbibition) were measured on cores from rocks in central Alberta, Canada. The rocks tested were sandstones, carbonates, shales and anhydrites. Between 2008 and 2010 a second set of relative permeability measurements (drainage and imbibition). New measurements were made on 8 carbonate rocks and, together with the results of measurements on 5 carbonate rocks from the first programme, the results were published in (Bennion, 2010). 



A second series of independent measurements of relative permeabilities were made between 2009 and 2012 at Stanford University on cores from 5 samples of rock from Berea, Mt. Simon and Tuscaloosa sandstones in the USA and the Otway and Paaratte sandstones in Australia (Perrin, 2010), (Zuo, 2012) and (Krevor, 2012). The Stanford team reached the conclusion that sub-core scale

heterogeneity and rock structure and mineralogy, hence wettability, impact the relative permeability

characteristics of CO2/brine systems as identified by (Müller, 2011).



(Mathias, 2013) analysed all 25 sets of relative permeability data (drainage only) for the CO2/brine system and reached the following conclusions:



· There is no difference between the steady-state and unsteady-state measurement methods used in obtaining the two data sets;



· there is no link between relative permeability characteristics and rock porosity and/or permeability, similar to the findings of (Bennion, 2008) and (Bennion, 2010).



· there is no marked difference between sandstone and carbonate rocks;



· there is no link (during the drainage cycle) between the pressure increase as a result of injection, and lithology, permeability, porosity and/or interfacial tension (IFT) of CO2 and brine; 



· and Injectivity uncertainty due to relative permeability can be as high as close to 60% for open aquifers and for low-permeability (k < 50 mD) closed aquifers, and as low as 6% for high permeability (k > 100 mD) closed aquifers, where compressibility effects are more significant than relative permeability effects.



(Bachu, 2013) presented a new set of measurements of CO2/brine system relative permeabilities from 16 previously unreported sandstone rocks and combined the results with 6 sandstone rocks from his first measurement programme (Bennion, 2008) for a total of 22 tests. The test data covered a wide range of permeabilities from less than 0.1 mD to > 500 mD.



His conclusions were:



· No clear, direct relationships or dependencies were found between any of the relative permeability characteristics of the CO2/brine systems (irreducible saturations, relative permeability at irreducible saturations, Corey coefficients, trapping efficiency, Land coefficient) and any of the commonly-measured rock petrophysical properties (pore size distributions, porosity and absolute permeability) or IFT, confirming the findings of (Mathias, 2013) based on results reported in (Bennion, 2008) and (Perrin, 2010), (Zuo, 2012) and (Krevor, 2012). 



· Generally, the data display a broad scatter in a wide range. CO2 irreducible saturation varies in the range 0.102 to 0.519, with an average of 0.314, comparable with results obtained by Australia (Perrin, 2010), (Zuo, 2012) and (Krevor, 2012), (Akbarabadi, 2013), (Suekane, 2008) and (Shi, 2011). However, the irreducible brine saturation (Bachu, 2013, Table 3) broadly increases with increasing absolute permeability, likely due to channeling and bypassing of zones of lower permeability in the core. 



· Trapping efficiency (defined as the ratio of the maximum CO2 saturation at the end of the imbibition cycle to the maximum CO2 saturation at the end of the drainage cycle (Akbarabadi, 2013)), (Bachu, 2013, Table 4) also displays a broad trend of increasing in value with increasing absolute permeability. Except for two very high values of 5.37 and 8.56, the Land coefficient, C, (see below) varies between 0.177 and 2.213, with eleven values less than 1 and six values greater than 1, and with an average for these 17 cases of C = 1.054. 



· Excluding the two cases with very high values for the Land coefficient, there is a broad trend of increasing CO2 irreducible saturation with increasing maximum CO2 saturation, as noted also by (Krevor, 2012). However, no relationship was found between maximum CO2 saturation or the Land coefficient and absolute permeability, as found by (Krevor, 2012) on four tested sandstone samples.





The conclusion we take from this is that whilst analogue data is useful as a sense-check, site-specific data is required for the accurate characterisation of relative permeability and, by extension, capillary pressure data.



Studies specific to the Frio Formation include (Doughty, 2007), (Ghomian, 2008) and (Jung, 2018). In addition, we have relative permeability data from data from the GEM simulation model from the Bureau of Economic Geology (Hosseini, 2019). This data had been history matched to measured data from the Frio CO2 CCS pilot project. It therefore has added weight. There were data for two rock types.  Rock type 2 data appeared to be for a sandstone, whereas rock type 1 was for a tighter (shale or mud stone?) rock with a lower relative permeability to water and much larger capillary pressures. 

All the relative permeability curves for both the aqueous and gaseous phases are plotted in figure 42 to give an idea of the variability in the data.
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Figure 42: All relative permeability data; generic and Frio studies



In figure 43 we plot only the Frio specific data.

[image: ]

Figure 43: Relative permeability curves; Frio Formation data only



The krg curve from (Ghomian, 2008) and the rock type 2 GEM data set from BEG (Hosseini, 2019) are representations of the same function. In contrast, the water relative permeability data in the GEM data from the BEG differed from the function used by (Ghomian, 2008).



We now define three sets of relative permeability data, a minimum, most likely and maximum cases.

For our most likely case we take the relative permeabilities in the BEG’s GEM model, rock type 2 (Hoesseini, 2019). In terms of the distribution of gas phase relative permeability curves, the Krg used by (Hosseini, 2017) is the lowest but it has been calibrated (history matched) to observed data from wells injecting CO2 into the Frio Formation which gives it more weight than the other data. The Krg curve can be modelled with a Corey function using an exponent of 2.45 and a maximum relative permeability of 0.71 at the residual water saturation to gas of 0.133. It is difficult to fit the corresponding Krw curve using a Corey relative permeability curve.

[image: ]

Table 13: Most likely relative permeabilities and capillary pressures



For our maximum case (maximum relative permeability to gas) we take the krg and krw from (Doughty, 2017). Values are given in table 14. 
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Table 14: Maximum relative permeabilities (to gas) and capillary pressures



The krg curve is modelled with a Corey function using an exponent of 1.9 and a maximum relative permeability of 1.0 at the residual water saturation to gas of 0.15.  The krw curve is modelled with a Corey exponent of 3.0.



For our minimum case (minimum relative permeability to gas) we assume a data set, figure 44 and table 15. The reasons for choosing this curve are set out below. The krg curve was modelled with a Corey function using an exponent of 4.6 and a maximum relative permeability of 1.0 at the residual water saturation to gas of 0.1. The krw curve is modelled with a Corey exponent of 1.2 with an end point relative permeability of 0.3 at Sw = 1.
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Table 15: Minimum relative permeabilities (to gas) and capillary pressures



These data sets apply to the Frio Formation. We have not defined a set of relative permeability curves for the Anahuac Shale.



One of the sensitivities affecting relative permeability is the wettability of the formation. In water wet systems capillary forces assist water in entering pores, whereas in the oil wet case they tend to prevent water entering the pores. Systems may also be of intermediate wettability. Usually, the Frio Formation is assumed to be strongly water wet. The following definitions of whether a system id water or oil wet are commonly applied in the oil and gas industry (www.perminc.com).



				Water Wet                                	Oil Wet

   		Swc           > 20-25% of pore volume                 < 10-15% of pore volume

                 Sw when krw = kro               > 50%                                              <50%

                    krw at max Sw                    < 30%                                              >50% (can be 100%)



Figure 44 plots the three sets of relative permeability curves (minimum, most likely and maximum) and the curves used in previous Frio studies.
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Figure 44: Plots of the three sets of relative permeability curves used in this study



The maximum case, after (Doughty, 2007), is the most water wet. The most likely case, after (Hosseini, 2019) is less water wet and the minimum case has been defined to be of mixed or intermediate wettability (i.e. not water wet). This is, we are setting this as a sensitivity to be tested. An example of this type of rock is the Mt. Simon sandstone from Illinois (Krevor, 2012) which is illite-rich. This rock forms the storage reservoir for the Illinois basin – Decateur CCS Project (Yang, 2019), (Leetaru, 2009).

Another factor affecting the shape of relative permeability curves is the ratio of Darcy (or viscous) forces to capillary pressure forces (Krevor, 2012). This is measured by the dimensionless capillary number, Nc;



       				Nc = νµ/σ					(22)



where ν (m/s) is the Darcy speed of the flow, µ is the viscosity (Pa s) and σ is the interfacial tension (N/m). The effect of this parameter is to straighten the relative permeability curves (for Nc >> 10-6) when capillary forces become much smaller than the imposed Darcy forces. In our system, for CO2, µ ~ 0.05E-3 Pa s (0.05 cP) and σ ~ 0.033 N/m (33 mN/m). For Nc > 1, then v must be greater than ~ 1000 m/s, which it cannot be, so even a high-speed CO2 plume would not affect the shape of the relative permeability curves.



We can set-up a special relative permeability function locally to the well bores to allow a grid cell near a well bore to be completely dried-out by the injected CO2.



The initial temperature and pressure at the injection point of our proposed site are ~3660 psia and ~80 oC. The viscosity of the CO2 is ~ 0.05 cP and that of the formation water is ~ 0.5 cP at this temperature and pressure. At 50 oC, the injection temperature of the CO2, and at an injection pressure of, say, 4000 psia, the viscosity of the CO2 is ~ 0.07 cP and that of the formation water is ~ 0.8 cP. So, the ratios of the viscosities of the two phases (water: CO2) is ~ 10.



The fractional flow of water, fw, is defined as:



                                         fw = 1 / [ 1 + {µw krg/µCO2 krw)}]   (23)



Here, µw is the viscosity of the water, krg is the relative permeability to gas (CO2 phase), µCO2 is the viscosity of the CO2 and krw is the relative permeability to water. 



Figure 45 plots the fractional flow of the water for each of the three sets of relative permeability data, using a viscosity ratio of 10 (water: CO2). 



[image: ] 

Figure 45: Fractional flow of water for three sets of relative permeability curve



The fractional flow of water increases as we move from the maximum cases to the most likely and the minimum cases. The mobility of the water increases allowing for a higher CO2 phase saturation behind the leading point of the CO2 plume, leading to a reduced plume size.



Figure 46 plots the fractional flow of water for the three cases (minimum, most likely and maximum) and compares them to experimental data from (Krevor, 2012). The samples used by (Krevor, 2012) are very strongly water wet, as can be seen from figure 47, taken from (Krevor, 2012, figure 13). Our maximum case is reasonably close to Krevor’s cases.

[image: ]

Figure 46: Comparing CO2 fractional flows for min, ML and max cases with (Krevor, 2012)

[image: ]

Figure 47: (Krevor, 2012) best fit drainage curves for Berea, Paarate, Mt. Simon and Tuscaloosa samples



Welge (Welge, 1952) tangent solutions applied to the minimum, most likely and maximum CO2 fractional flow curves indicate that, in a homogeneous one dimensional linear system the CO2 shock front would occur at CO2 saturations of 0.5 (minimum, most confined plume), 0.4 (most likely) and 0.2 (maximum, most dispersed plume). The experimental data from (Krevor, 2012) is difficult to analyse in the same manner but CO2 saturations at the shock front in the range 0.15  to 0.25 seem reasonable estimates. In reality, inhomogeneities would prevent these ideal solutions occuring, as can be seen in the (Krevor, 2012, figure 11) which shows large variations in CO2 saturation within the flooded cores. Also, the simple Welge solution omits the effects of gravity and capillary pressure.






Hysteresis in Relative Permeability – Imbibition Curves



During the injection of CO2, the formation water is forced to move away from the well. Water is normally assumed to be the wetting phase and the process in which water saturation decreases is called drainage. 



At the periphery of the CO2 plume, and at the well after injection stops, the plume may ascend. As the lower part of the plume ascends past a fixed point in the formation, the CO2 saturation there may fall and the water saturation increase as water flows back in behind the ascending plume. The process in which the wetting phase (here, by assumption, water) increases is called imbibition. 

The fixed point will have had an initial water saturation of Sw = 1.0. Sw falls (drainage) as the CO2 plume moves into the region but may increase again (imbibition) as the plume disperses. 

In consequence, the relative permeability to water will fall and then rise whereas the relative permeability to gas will rise and then fall. For a system which is strongly water wet, the relative permeability to water will be essentially reversible; it will take the same value for a given Sw whether the water saturation has been decreasing or increasing. In contrast, the relative permeability to gas may have different values for a given Sw depending on whether water saturation has been decreasing or increasing. It is not reversible and depends on the saturation history of the point of interest in the formation. This is called hysteresis. 



Hysteresis in the (non-wetting) gas phase occurs after the initial increase in CO2 saturation when the influx of water during imbibition pinches off the continuous gas phase in pore throats creating discontinuous blobs of gas within the pores which are isolated and trapped and which cannot flow through the action of fluid pressure. The presence of these isolated bubbles of gas reduces the relative permeability to gas below that which existed when the gas was in a fully connected, continuous phase, at the same vale of Sw. This process traps CO2 indefinitely. It is called capillary trapping and it may make a large contribution to the total volume of trapped CO2. 



A second source of hysteresis (Juanes, 2006, citing (Gennes, 2004)) is contact angle hysteresis within the pores. The advancing contact angle, of the wetting phase displacing a non-wetting phase, is larger than the receding contact angle, of the wetting phase retreating from the non-wetting phase invasion, because of chemical heterogeneities or surface roughness.  

  

To model it, we require two sets of relative permeability data for the gas. (We assume there is no significant hysteresis in the water phase, even for our minimum case set of relative permeability curves which are nominally CO2-wet). We ignore capillary pressure hysteresis too.



The first set of curves are the drainage curves and these were defined in a previous section of this report.



The second set of data required is the imbibition relative permeability curves for the gas phase. There are different ways of doing this in Reveal. In addition to the “legacy” version of hysteresis in Reveal (Reveal manual, Petroleum Experts, Edinburgh), it also supports Killough’s method (Killough, 1976) and Carlson’s method (Carlson, 1981).



Following (Juanes, 2006) we used Killough’s model (Killough, 1976).



In Killough’s method, the hysteresis model allows both capillary pressures and relative permeabilities to range between drainage and imbibition curves via intermediate scanning curves.  Required inputs are the bounding imbibition and drainage curves. The model then interpolates between these curves to provide the actual values used in the simulation.



The most important parameter determining the significance of hysteresis effects the the trapped saturation after a flow reversal (from drainage to imbibition) (Juanes, 2006).



We take, along with for example, (Killough, 1976) and (Juanes, 2016), Land’s model (Land, 1968).

The trapped gas saturation, Sgt, is



				Sgt = Sgi/(1 + CSgi) 					(23)



Here, Sgi is the actual gas saturation at flow reversal, when drainage stops and imbibition starts. 

The constant C is the Land trapping coefficient, given by;



				C = (1/Sgt,max) – (1/Sg,max)					(24)



In this equation, Sgt,max is taken from the bounding imbibition curve and is the maximum gas saturation for that curve, see figure 51, taken from (Juanes, 2006). Sg,max is the maximum gas saturation for the bounding drainage curve, see figure 51, taken from (Juanes, 2006). 



(Juanes, 2006) state that, “The Land trapping model has been validated by comparison with experiments (Land, 1968), (Jerauld, 1997) and (Spiteri, 2006), and pore-network simulations (Spiteri, 2005) for water-wet rocks.” (Juanes, 2006, figure 3) also report experimental data (Oak, 1990) which showed Land’s constant, C, with a value ~ 1. (Oak, 1990) measured the imbibition relative permeability curve to gas in a water-wet Berea sandstone core. The trapped gas saturation was ~0.42, (Juanes, 2006, figure 3).



(Land, 1968) cites five sources of data, (Holmgren, 1951), (Dyes, 1954), (Kyte, 1956), (Dardaganian, 1957) and (Crowell, 1966) which show that the difference in the reciprocals of the initial and residual gas saturations are approximately constant for a given sand. (Land, 1964, figure 1) shows six sets of data which fit equation (24) well. No values for C are given explicitly.



Sgt,max is the maximum gas saturation on the bounding imbibition curve for gas relative permeability. This is calculated from Land’s equation once a value of C has been chosen and Sgi,max  is given.

The problem is to ascertain the correct value for Land’s constant, C. C can take any value ≥ 0. If C = 0, then all the gas is trapped; if C -> ∞, there is no trapped gas.  For any value in between, residually trapped gas increases with increasing initial gas saturation, for water wet systems. For intermediate and mixed-wet systems, pore modelling indicates a different behaviour, where a quadratic function in the initial gas saturation may give a more accurate correlation (Spiteri, 2008);



				Sgt = αSgi  +  β Sgi2					(25) 



with α and β to be determined. It is just a different correlation.



One of the issues in applying these correlations, even to the results of a well-executed experiment, is: how do you define the initial and trapped CO2 saturations when the saturation varies so much within a small core, on the scale of centimetres? (Krevor, 2012) used core averaged values to circumvent this issue. 



Table 16 is adapted from (Krevor, 2012, Table 5). We have back calculated the maximum CO2 saturation at the end of the drainage process, Sgi,max, using the tabulated values of C and trapped CO2 saturation, Sgt,max, during the imbibition process.
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Table 16: S gi,max, S gt,max and Land’s constant (Krevor, 2012) 



Land’s constant varies between 1 and 2.1. 



In (Bachu, 2013), Land’s constant varies between 0.177 and 2.213 but with two high values of 5.37 and 8.56.  The average, excluding the two high values was 1.054 with eleven values less than 1.0 and six values greater than 1. The trapped CO2 saturations varied from 0.102 to 0.519, with an average of 0.314. These results are similar to (Krevor, 2012) but no strong trend or correlation with core properties was discerned.



To create our data set we assumed three values of C which, taking Sgi max from the bounding drainage curves. Gave reasonable values for Sgt,max, taking into account the data from (Krevor, 2012) and (Bachu, 2013). Our results are shown in table 17.
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Table 17: Assumed values of C, to give Sgt,max



To create Killough’s model for a simulation, we require a bounding imbibition curve for the gas (non-wetting) phase, kirg. 



Firstly, we tried to calculate this using (Land, 1968), equation (6):



 			kirg = kdrg,i Sgf*2 [ 1- (1 – Sgf*)ε-2 ]					(26)



Here, kdrg,i  is the maximum relative permeability to gas on the drainage curve and Sgf* is the free or mobile gas saturation which lies in the range (Sgi,max – S gt,max). 



Sgi,max is the maximum gas saturation on the bounding drainage cure for gas relative permeability (or, equivalently, the minimum gas saturation on the bounding imbibition curve for gas relative permeability, see figure 51). Sgi,max is for the minimum, most likely and maximum cases; 0.95, 0.867 and 0.85 respectively (see tables 13, 14 and 15).



The parameter ε = (2/λ) + 3, where λ is a pore-size distribution factor (Brooks, 1964), equal to the slope of a plot of log(1/Pc) versus log S*w (S*w= (Sw – Swc)/(1 – Swc), and Swc is the connate water saturation) .

Figure 48 shows plots of log(1/Pc) versus log S*w for the minimum, most likely and maximum Frio formation Pc curves. 
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Figure 48: Calculation of λ for minimum, most likely and maximum Pc curves



The resulting imbibition curves are plotted in figure 49. The method works well for the most likely and maximum cases but overestimates the Corey coefficient for the minimum case. We therefore reduced the Corey coefficient from 3.0 to 1.0. The resulting curves are plotted in figure 50 and tabulated in table 18.
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Figure 49: Bounding relative permeability curves for the Frio formation – minimum case unphysical
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Figure 50: Bounding relative permeability curves for the Frio formation 
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Table 18: Values for the bounding imbibition curves for the gas phase



Finally, figure 51 shows how Killough’s method uses the parameters and the bounding drainage and imbibition curves to interpolate a new, scaled hysteresis curve for the gas relative permeability during imbibition.
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Figure 51: Killough’s method for interpolating a hysteresis relative permeability curve for gas during imbibition



These data are then entered into Reveal.

We used the same relative permeability model for the Frio formation and the Anahuac shale (but different capillary pressure functions). This presents no problem unless CO2 enters the Anahuac shale, at which point we would have to review the model and provide relative permeability curves specifically for the Anahuac shale.
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Corrective Action 

Tabulation of Wells within the AoR

[Note to user: blue text indicates suggestions, please delete text when complete]

Note: Files with the locations of all wells within the AoR should be uploaded to the GSDT. The operator is encouraged to provide a map of these wells as part of this plan. 

Wells within the AoR 

[Note to user: blue text indicates suggestions, please delete text when complete]

Recommended considerations include:

· What databases or other information sources were used to identify these wells? 

· What is the type and status of each well (e.g., operating Class II injection well, temporarily abandoned oil well, etc.)? (Attach tables as necessary.)

· Are there historical wells believed to be in the area that may not be captured in available data sources?

Wells Penetrating the Confining Zone 

[Note to user: blue text indicates suggestions, please delete text when complete]

Recommended considerations include:

· How were the depths of these wells determined?

· What is the type and status of each well (e.g., operating Class II injection well, temporarily abandoned oil well, etc.)? (Attach tables as necessary.)

· What is the condition of each well? 

· If corrective action is needed, what activities will be completed and when?

Plan for Site Access

[Note to user: blue text indicates suggestions, please delete text when complete]

Recommended considerations include:

· What agreements have been made for access so that corrective action can be performed?

· For what period of time has site access been guaranteed?

Corrective Action Schedule

[Note to user: blue text indicates suggestions, please delete text when complete]

Recommended considerations include:

· Will phased corrective action be conducted? What is the specific schedule that will be implemented? How will the proposed phased corrective action schedule protect USDWs?

· What benchmarks or triggers are included as part of a phased corrective action plan? What information was used to determine these triggers?

· How might the results of testing and monitoring, and/or AoR reevaluation inform changes to the phased corrective action plan?

Reevaluation Schedule and Criteria

AoR Reevaluation Cycle

INSERT PERMIT APPLICANT NAME will reevaluate the above described AoR every X years during the injection and post-injection phases. 

[Note to user: blue text indicates suggestions, please delete text when complete]

Note: Pursuant to 40 CFR 146.84(e), AoR reevaluation must occur at least once every five years. The operator is also required to include in the reevaluation plan any benchmarks or milestones (e.g., from testing and monitoring) that may trigger additional AoR reevaluations.  

Recommended considerations include:

· What are the specific procedures that will be followed for the AoR reevaluation? (Provide a list of steps or similar description.)

· What monitoring and operational data will be used? What specific thresholds or benchmarks will be used to determine if the testing and monitoring data are consistent with the model predictions?

· How will new data be incorporated into the model?

· How will model reevaluations be compared to the initial AoR modeling and delineation? 

Triggers for AoR Reevaluations Prior to the Next Scheduled Reevaluation

[Note to user: blue text indicates suggestions, please delete text when complete]

Recommended considerations include:

· What changes in what specific parameters (temperature, pressure, RST saturation, etc.)  would trigger a reevaluation? What are the quantitative thresholds for these determinations? 

· What other events (e.g., a seismic event) would trigger an AoR reevaluation?

INSERT PERMIT APPLICANT NAME will discuss any such events with the UIC Program Director to determine if an AoR reevaluation is required. If an unscheduled reevaluation is triggered, INSERT PERMIT APPLICANT NAME will perform the steps described at the beginning of this section of this Plan.
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Relative permeability curves – Frio Formation only
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Minimum, most likely and maximum relative permeability curve sets
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Fractional flow of water


0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.8


0.9


1


0 0.2 0.4 0.6 0.8 1 1.2


Fractional flow of water


Water saturation, S


w


Fractional flow of water for three sets of realative permeability curves


Minimum


Most likely


Maximum




image8.emf

0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.8


0.9


1


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1


Fractional flow


CO


2


saturation


CO


2 


fractional flow


Most likely


Maximum


Minimum


(Krevor, 2012), Berea


(Krevor, 2012), Paarate


(Krevor, 2012), Mt. Simon


(Krevor, 2012), Tuscaloosa


CO


2


fractional flow and Welge tangent solutions for minimum, most likely and maximum cases 




image9.emf

(Krevor, 2012) best fit relative permeability curves (drainage)
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Relative permeability curves used for the Frio formation, including imbibition curves for gas


0.0


0.1


0.2


0.3


0.4


0.5


0.6


0.7


0.8


0.9


1.0


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1


Relative premeability


Water saturation, Sw


Relative Permeability Data - Frio Data Only 


Krw, minimum


Krg, minimum


krg (imb), minimum


Krw, most likely


Krg, most likely


krg (imb), most likely


Krw, maximum


Krg, maximum


krg (imb), maximum




image14.emf

Relative permeability curves used for the Frio formation, including imbibition curves for gas


Modified minimum imbibition curve
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Taken from (Juanes, 2006), figure 4 and equations (5) and (6)
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